To understand complex molecular interactions it is necessary to account for molecular flexibility and the available equilibrium of conformational states. Only a small number of experimental approaches can access such information. Potentially steady-state red edge excitation shift (REES) spectroscopy can act as a qualitative metric of changes to the protein free energy landscape (FEL) and the equilibrium of conformational states. First we validate this hypothesis using a single Trp containing protein, NF-κB essential modulator (NEMO). We provide detailed evidence from chemical denaturation studies, macromolecular crowding studies and the first report of the pressure-dependence of the REES effect. Combined these data demonstrate that the REES effect can report on the 'ruggedness' of the FEL and we present a phenomenological model, based on realistic physical interpretations, for fitting steady-state REES data to allow quantification of this aspect of the REES effect. We test the conceptual framework we have developed by correlating findings from NEMO ligand binding studies with the REES data in a range of NEMO-ligand binary complexes. Our findings shed light on the nature of the interaction between NEMO and poly-ubiquitin, suggesting that NEMO is differentially regulated by poly-ubiqutin chain length and that this regulation occurs via a modulation of the available equilibrium of conformational states, rather than gross structural change. This study therefore demonstrates the potential of REES as a powerful tool for tackling contemporary issues in structural biology and biophysics and elucidates novel information on the structure-function relationship of NEMO and key interaction partners.
Abstract.
To understand complex molecular interactions it is necessary to account for molecular flexibility and the available equilibrium of conformational states. Only a small number of experimental approaches can access such information. Potentially steady-state red edge excitation shift (REES) spectroscopy can act as a qualitative metric of changes to the protein free energy landscape (FEL) and the equilibrium of conformational states. First we validate this hypothesis using a single Trp containing protein, NF-κB essential modulator (NEMO). We provide detailed evidence from chemical denaturation studies, macromolecular crowding studies and the first report of the pressure-dependence of the REES effect. Combined these data demonstrate that the REES effect can report on the 'ruggedness' of the FEL and we present a phenomenological model, based on realistic physical interpretations, for fitting steady-state REES data to allow quantification of this aspect of the REES effect. We test the conceptual framework we have developed by correlating findings from NEMO ligand binding studies with the REES data in a range of NEMO-ligand binary complexes. Our findings shed light on the nature of the interaction between NEMO and poly-ubiquitin, suggesting that NEMO is differentially regulated by poly-ubiqutin chain length and that this regulation occurs via a modulation of the available equilibrium of conformational states, rather than gross structural change. This study therefore demonstrates the potential of REES as a powerful tool for tackling contemporary issues in structural biology and biophysics and elucidates novel information on the structure-function relationship of NEMO and key interaction partners.
Introduction.
There is an increasing realization that the molecular mechanism of many human proteins, particularly those involved in signaling networks, are governed by molecular flexibility and protein structural disorder. That is, proteins that mediate multiple signaling inputs may fold into ligand specific conformations, providing high specificity to a large number of structurally dissimilar ligands [1] . Underpinning these notions is the free energy landscape (FEL) model of protein structure, which interprets molecular heterogeneity (structural disorder and flexibility) as a series of equilibrated energetic minima on a multi-dimensional free energy surface [2] . Proteins that are highly flexible or exist as significantly different discrete conformational states are considered to have a rather 'rugged' FEL. For signaling proteins, understanding how the FEL is altered on ligand binding is key to understanding the molecular mechanism of biological signaling networks.
Detecting ligand induced conformational change (folding) and the relationship to the equilibrium of protein conformational states is challenging. EPR [3] single molecule (SM) [4, 5] . Ion mobility mass spectrometry (IM-MS) [6] and NMR [7] studies can be used for this purpose with different levels of resolution. There is now evidence that an optical phenomenon called Red Edge Excitation Shift (REES) may provide unique information on protein conformational change and the equilibrium of conformational states [8] . REES is a phenomenon where low energy excitation of a fluorophore leads to a red shift in the maximum of the emission intensity,
∆
.This phenomenon may manifest where there are a range of discrete fluorophore solvation states and therefore potentially reflects the equilibrium of conformational states that are accessible to a protein [8, 9] .
The REES effect is governed by interactions between a flourophore and the surrounding solvent in the ground and excited states. REES is observed as a result of the change in the dipole moment of the fluorophore following excitation and the speed at which solvent reorganisation occurs around the newly excited fluorophore [8, 9] . In a fully solvated environment, the fluorescence lifetime (τF) is much larger than the lifetime of environmental relaxation (τS). In this case, the emission wavelength of the chromophore is independent of the excitation wavelength.
When τF < τS, for example in a rigid molecular environment such as some folded protein states, the intermolecular interactions between the fluorophore and its environment do not change and dipolar relaxation does not occur during fluorescence emission [10, 11] . A consequence of this is that the fluorescence emission occurs at higher energy since photons are emitted from the excited state instead of a lower energy relaxed state. It is possible to select for individual solvation environments within an equilibrium by using low energy excitation (photoselection), for example by using lower energy photons or longer wavelengths located at the red edge of the excitation spectrum [12] . Excitation at a lower energy selects for fluorophores in a solvent relaxed environment, which require less energy to become activated. Experimentally one observes a red shift in the emission maximum with respect to excitation wavelength.
There have been a few reports where emission arising from a single Trp residue gives a significant REES effect in the folded and molten globule like states [13] , while the REES effect disappears or is rather reduced in unfolded states [14, 15] . The REES effect is therefore a unique probe for proteins with a high degree of molecular flexibility resulting in an ensemble of solvent environments around the Trp probe. For proteins, such an ensemble may arise from a broad equilibrium of conformational states, such as in molten globule intermediates of highly flexible or dynamic proteins [14, 16, 17] .
NF-κB essential modulator is the key regulatory element in the NF-κB signaling pathway, controlling much of the nervous and immune system [18] . NEMO regulates the activity of a kinase, IκB kinase-β (IKK-β), which has a diverse range of phosphorylation targets, for example, IκBα [19] , huntingtin [20] , and insulin receptor 1 (IRS-1) [21] . NEMO putatively ensures the specificity of IKK-β for IκBα, by facilitating the recruitment of IκBα to the kinase [19] . Subsequent proteosomal degradation of IκBα then allows the NF-κB complex to enter the nucleus and induce expression of pro-inflammatory and anti-apoptotic genes. Despite the importance of NEMO to normal human health and disease associated processes, remarkably little is known about the molecular mechanism of action of NEMO and, in particular how NEMO is able to show specificity to a very large number of interaction partners [22] . We have recently provided evidence that NEMO is a flexible protein that undergoes ligand specific conformational change, and have hypothesized that the non-ligand bound protein adopts a broad equilibrium of conformational states [23] . We have previously used the emission of NEMO's single intrinsic
Trp residue (W6) as a spectroscopic reporter of ligand-induced NEMO conformational change [23] .
Herein we explore the use of REES spectroscopy to inform on the structural and mechanistic determinants of NEMO-ligand binding. First, we develop a new framework for the quantitative interpretation of steady-state REES data, validated by folding and pressure perturbation studies.
This then allows us to use the REES data quantitatively for a series of NEMO-ligand bound states. We develop our putative model for the molecular mechanism of NEMO's functional interactions, structure and how this connects to the NEMO free energy landscape and conformational change.
Results and Discussion.
NEMO W6 shows a significant REES signal. Figure 1 shows the variation in emission spectrum ( Figure 1A and 1B) and center of spectral mass (CSM) ( Figure 1B ) of NEMO W6 versus excitation wavelength. Typically the magnitude of the steady-state REES phenomenon is reported as the simple difference in CSM or ∆ . From Figure 1 , we observe a significant red shift in the emission spectra, with an increase in CSM of 17.7 nm and an increase in ∆ of 15
nm from λex 292-310 nm. Essentially the data are treated by the linear function:
Where R is the REES magnitude expressed as the change in CSM per nm of the excitation wavelength, λex. In this model the y-intercept, CSM0, does not have an obvious physical meaning and is not typically reported. The solid grey line in Figure 1B inset shows the fit of the NEMO REES data to Eq 1, giving R = 0.96.
The extracted REES signal with NEMO W6 is large compared to other reported values and is even more significant given that NEMO W6 is already relatively solvent exposed. NEMO W6 is a class III Trp according to the Burstein classification [24] . Class III Trp residues are not typically thought to exhibit a significant REES effect [25] due to the very significant solvent exposure, thus giving rise to an essentially single solvated environment. However, we would point to the example of denatured spectrin which retains a significant REES signature, despite being largely solvent exposed [14] . These findings have been rationalized as reflecting a partially 'unfolded' state with residual structure, comparable to a molten globule state. We have previously suggested that NEMO is a native molten globule [23] Trp rotamers [27] . These rotamers may be stabilized through differing H-bonding to the Trp amide carbonyl [28] . As such it is difficult to directly separate the contribution of differing Trp rotamers and larger scale conformational heterogeneity of the peptide backbone to the REES signal. Below, we explore the contribution of different Trp rotamers to the NEMO REES signal in detail.
An artificial REES effect could arise if there is a significant convolution of our Trp signal with the background Tyr signal from NEMO. We excite NEMO from 292 nm upwards specifically so that there is essentially no Tyr emission relative to Trp emission. However, we have explored how a small Tyr signal would affect our REES data by monitoring the REES data for 10 µM Tyr in buffered solution and subtracting this from our NEMO REES data. These data are shown in Figure 2 . We find that accounting for the small Tyr signal arising from NEMO's intrinsic Tyr residues gives essentially no difference to our REES data. Further, we have monitored the REES signal from a single Tyr containing fragment of Staphylococcus aureus complement evasion second immunoglobulin-binding protein Sbi domain III and IV that, like NEMO, is composed of a significant fraction of structurally disordered content [29] . These data are shown in Figure 3 .
We do not find a significant REES signal arising from Tyr emission as is expected because of the symmetrical nature of the Tyr ring system. Together, these data demonstrate that the signal we monitor, as expected, arises essentially entirely from NEMO's single intrinsic Trp.
Establishing a quantitative analysis of REES data. The fit of our REES data to Eq 1 is poor and does not account for the curvature in the data. This is the case for all reported steady-state REES data where a significant number of data point are collected. For REES data to be used in comparative studies, the reporting of R in Eq 1 will therefore be wildly inaccurate. To identify a numerical model that would best fit these data we have measured the change in the CSM of NEMO Trp emission across an extended range of Trp absorption (shown in Figure 4 ), incorporating the emission maximum of the Trp. The REES effect should be observable at the far red edge of the absorption spectrum, with little or no effect at the absorption maximum, since photoselection and hence REES will only occur under low energy excitation. From Figure 4 , this trend is apparent. That is, we observe little or no REES effect occurring at the maximum of the excitation spectrum but a significant REES effect at the red edge of the spectrum. We note that the observed changes in CSM are dominated by NEMO's intrinsic Trp residue and not convolved of contributions from Tyr emission since we have shown above that, consistent with theory, Tyr emission does not give a measurable REES effect and does not convolute our REES data ( Figure 2 ). Indeed, we monitor emission from λEx = 292 nm, where there is essentially no emission attributable to tyrosine as shown in Figure 2 .
We find that the REES data in Figure 4 can be best represented by a Gaussian probability distribution of the form:
Where A is the area, w is the full width at half-maximal (fwhm), m is the mid-point and R0 is the y-intercept and m = , where is the excitation wavelength that gives the largest change in the emission peak wavelength. The data in Figure 4 are fit to Eq 2 and illustrate the low energy excitation at the red edge of the protein absorption spectrum. The fit of Eq 2 to the experimental data is excellent and captures the expected relationship we describe above.
Potentially, the magnitude of A extracted from fitting Eq 2 to a plot of excitation wavelength versus , can be used as a qualitative comparator to assess changes in the extent of the REES phenomenon. The magnitude of R0 should represent the minimum value, in the absence of the REES effect. This magnitude is commonly used to reflect the degree of solvent exposure of Trp residues and can be used as a metric of folded/unfolded states. We discuss the interpretation of these values in more detail below. This simple model clearly neglects a range of contributing factors such as the proportion of excited molecules, the small contribution from changing excitation energy at different excitation wavelengths, the number of discrete conformational states that are photo-selectable and the contribution from dipole rotation in the excited electronic state. However, Eq 2, unlike Eq 1 is based on a realistic physical rationale and provides a means to extract meaningful quantitative data from the full range of REES data. We note that other distribution functions can and have been used in relation to extracting information from spectral features, including Lorentz and log-normal distributions [30] [31] . Ultimately we do not try and accurately recapitulate the absorbance/excitation spectrum of the fluorophore but instead wish to have a physically meaningful probe beyond the arbitrary use of a simple linear function.
Validating REES as a quantitative probe of molecular heterogeneity.
Having established a quantitative model to compare REES data, we now test the hypothesis that REES can be used to reflect changes in the equilibrium of protein conformational states. To achieve this we monitor the REES effect with both denatured and stabilized NEMO as well as pressure-perturbation studies that systematically alter the equilibrium of conformational states and the extracted parameters from fitting the data are given in Table 1 .
Typically one does not expect to observe a significant REES effect with denatured protein since the peptide backbone will become fully solvent accessible. In this case the solvent relaxation will be very rapid and no REES effect observed, effectively because there is one discrete solvation state (fully solvated). We have incubated NEMO in 6M guanidine to denature the protein and the corresponding change in the center of spectral mass (CSM) versus λex is shown in Figure 5 . We favor the use of CSM instead of the magnitude of ∆ as we find this metric gives a more robust REES signal and the magnitude of ∆ may be highly error prone.
However we note the result using ∆ are essentially the same. A decrease and red-shift in Trp emission is typically grossly correlated with denaturation of proteins. From Figure 5 the incubation with guanidine has significantly denatured NEMO, with a red-shift in CSM giving R0 = 363.2 ± 0.19 nm to R0 = 375 ± 0.5 for the native and denatured protein, respectively. Note that this is not the REES effect but reflective of the solvent exposure of NEMO W6 on denaturation.
The denatured NEMO shows a dramatically reduced REES effect. Denatured NEMO shows only a 4 nm shift from λex 292 to 310 nm and fitting to Eq 1 gives R = 0.22 ± 0.02 and a relative decrease compared to native NEMO of R = 0.23 ± 0.1. Fitting to Eq 2 also gives a large decrease in the REES effect, A = 0.37 ± 0.4. The relative change in the REES effect is similar using either approach and this argues strongly that our fitting approach using Eq 2 is robust. Incubating NEMO with a high concentration of Sbi (20 mg/ml) gives a dramatic change to the both the absolute Trp emission and also the REES effect as shown in Figure 5 . We note that the emission spectra have had the signal arising from Sbi subtracted and so there is no contribution from Sbi Tyr emission. The emission is blue shifted (R0 = 360.5 ± 0.45 nm) compared to NEMO in the absence of Sbi (R0 = 363.2 ± 0.19) and more intense (~1.4 times larger emission),
suggesting that the NEMO Trp is less solvent exposed and therefore that NEMO is more 'folded' in the crowded environment. Intriguingly the REES effect is much larger in the crowded environment giving a relative increase in A of 2.24 ± 0.51. These data therefore suggest that in a crowded environment, more similar to the intracellular milieu, NEMO has a more rugged FEL, able to explore a broader range of conformational states than observed in dilute buffered solution. This is consistent with findings from other studies, for example Dhar et al find the phosphoglycerate kinase shows an increase in conformational sampling in a crowded environment [32] . This is consistent with our putative molecular model of NEMO activity that is based on allosterically regulated NEMO conformational change. Below, we consider the potential mechanistic role of an increased number of available conformational states with respect to ligand interactions.
Based on our native, denatured and stabilized protein analysis ( Figure 5 ) as well as the theoretical basis of the REES effect, the magnitude of REES should be sensitive to changes in the number of discrete equilibrium conformational states. Testing this hypothesis is challenging since few experimental approaches give a direct window into the equilibrium of conformational states. Non-denaturing pressure perturbation is an excellent tool for this purpose since it acts to perturb a pre-existing equilibrium of structural states characterized by different energy minima on the protein FEL [33] and has been used for this purpose in a number of studies [34] [35] [36] .
Crucially pressure, unlike temperature, does not alter the internal energy of the system, which might otherwise be a confounding factor for REES measurements. The observation of a significant pressure dependence on the REES effect itself would therefore be powerful evidence that REES is sensitive to the equilibrium of protein conformational states.
We have previously found that increasing pressure causes a decrease in W6 emission, suggesting increased solvent exposure [23] . This finding is corroborated by a red shift in the W6
CSM with increasing pressure (Figure 6A ), giving an increase of 3.0 nm at λex = 292 nm. We note that the CSM value is rather larger than reported for the denaturation study above ( Figure   5A and 5B) and this is due to a different spectral window used to calculate the CSM for the pressure studies. This was necessary due to the optical setup of the pressure cell. The ∆ value of W6 at 1 bar is similar to that reported above, giving ∆ = 348 nm at 10 °C, 1 bar and λex = 295 nm. Increasing pressure leads to a large CSM at higher λex values, giving an increase of 8.9 nm at λex = 310 nm from 1 to 2000 bar. These data suggest that the REES effect itself is pressure-dependent. We note that we do not observe any REES effect with free Trp in buffered solution at any pressure ( Figure 6B ) and the changes we observe are protein specific. Fitting the REES data to Eq 4 gives the pressure dependence of A, shown in Figure 6C as the change in the fraction of A across the pressure range. The pressure dependence data can be adequately fit to a simple, phenomenological model that implies a single transition between two states with changing hydrostatic pressure as used previously [23] :
Eq 3.
Where Rp = 83.13 cm3 mol -1 bar K -1 when the pressure, p, is measured in bar, K0 is the equilibrium constant for the change in the relative population of the ith conformational state represented by the magnitude of A from Eq 4, extrapolated to 0 bar and ΔVA is the apparent difference in the volume associated with this equilibrium transition.
Fitting the data in figure 6 to Eq 3 gives a negative activation volume ΔV = -24.7 ± 4.7 cm 3 mol -1 . We have previously measured ΔV for W6 emission and find (as we show here) that the emission decreases across the pressure range giving ΔV = 0.81 ± 0.03 cm 3 mol -1 [23] . The difference in sign is simply attributable to relative change in direction of the specific signal.
What is important is that the magnitude of ΔV is much larger for the REES effect compared to W6 emission. Indeed, this magnitude of pressure dependence is more consistent with global metrics of NEMO conformational change previously measured using the pressure dependence of 8-anilino naphthalene sulfonate (ANS) emission [23] . |The REES signal may therefore be reflective of the broader equilibrium of NEMO conformational states at sites distal to W6. That is, these two values are not necessarily comparable, reflecting different aspects of the W6 molecular environment. The key finding from the pressure data in the present context is that the REES effect itself is pressure-dependent with the magnitude of A increasing with pressure. Given that pressure acts to perturb the equilibrium of conformational states, this observation suggests that the magnitude of A extracted from Eq 2 is exquisitely sensitive to this equilibrium.
Our findings from denaturation, pressure and macromolecular crowding measurements suggest that the REES effect as monitored by Eq 2, is sensitive to changes in the equilibrium of conformational states, e.g. by unfolding (chemical denaturation), stabilization/folding (macromolecular crowding) or direct perturbation (pressure). As such, we suggest that the magnitude of the REES effect can be used as a proxy for the protein free energy landscape (FEL), reflecting the distribution of discrete conformational sub-states. Based on our observations we have developed a conceptual framework for interpreting protein REES data using Eq 2, shown in Figure 7 . Our interpretation of the present data moves beyond current applications by explicitly recognizing the information content that arises from the curvature of the REES data. Within this framework, the changing curvature of the REES data, reflected by the magnitude of A from Eq 2, describes the progression to a larger or smaller number of discrete conformational states, a rugged or flat FEL, respectively. In addition the intercept with the yaxis, R0, describes whether the protein tends towards a folded or unfolded state, in exactly the same way as per the normal analysis of Trp emission in protein folding studies, but with the added benefit that it takes account of cases where the peak maximum of the emission band shifts with excitation wavelength. It is important to note that the terms folded and unfolded encompass more minor conformational changes also. So for highly flexible and dynamic proteins a blue shifted CSM may simply reflect a more compact conformational state (as we suggest is the case from the crowding experiment shown in Figure 5 ), without requiring a large scale folding event.
It is important to recognize that REES data from protein Trp residues will be convolved of the signal arising from different Trp rotamers [26] . However, our observations suggest that at least for NEMO, the REES signal is not significantly convolved of a signal from Trp rotamers. That is, the pressure dependence of the REES gives a very large activation volume (-24.7 ± 4.7 cm 3 mol -1 ), much larger than based on Trp emission alone (-1.6 ± 0.4 cm 3 mol -1 ) and more consistent with measurements that reflect global NEMO conformational change [23] . Moreover, we demonstrate below that ligand binding at sites that are not located near the Trp residue significantly alter the REES signal and this is powerful evidence that the NEMO REES signal is dominated by the proteins global structural ensemble.
Novel insight from REES on the nature of NEMO allostery and ligand induced conformational
change. Having established that the REES effect, specifically the use of Eq 2, can be used as a proxy for the protein free energy landscape, we now consider how the NEMO REES signal varies upon ligand binding. These data should give more direct insight into the mechanism of ligand induced conformational change and the relationship to the protein FEL. The REES data for NEMO ligand bound states are shown in Figure 8A and 8B with the solid lines representing the fit to Eq 2. The resulting extracted values of A from Eq 2 are given in Table 1 and also as an inset bar chart in Figure 8 . For clarity, we report the relative change in R and A compared to NEMO alone, extracted from Eq 1 and 2, respectively. Figure 8A it is apparent that the REES data are not equivalent with NEMO bound to NBD-Phe and NEMO alone as suggested by the fit to Eq 1. Instead the major difference is in the curvature of the data and this is captured by the use of Eq 2. Based on our findings from the pressure data discussed above, we suggest that these data reflect a decrease in the number of discrete conformational states on IκBα binding, but an increase in the number of discrete conformational states on IKK-β binding. This oppositional relationship is supported by our previous NEMO-ligand binding studies monitoring the change in ANS emission [23] , which suggest the exposure of hydrophobic residues on IKK binding and the burying of hydrophobic residues on IκBα.
NEMO comprises a specific domain that non-covalently binds poly-ubiquitin. We have previously found that binding of long chain-length 'free' M1-linked poly-ubiquitin chains to NEMO allosterically regulates ligand affinity and potentially cellular localization based on evidence from stopped-flow and liposome binding assays [23] . Poly-ubiquitin is found as a range of chain-lengths in the cell and we have previously provided evidence from ANS binding studies that NEMO undergoes different conformational change depending on the chain-length of noncovalently bound poly-ubiquitin [23] . We have explored the REES effect on NEMO W6 in the presence of both short (4-mer; Ub4) and long (10-mer; Ub10) poly-ubiquitin chains, shown in Figure 8B . From the resulting values of A, given in Table 1 , Ub4 binding gives a decrease in A (A = 0.77 ± 0.05), but Ub10 gives an increase (A = 1.23 ± 0.1). A simple linear fit to Eq 1 suggests no difference in REES with either chain length giving A of ~ 1 within error (Table 1) , despite obvious differences in the curvature of the data sets. The absolute magnitude of the REES difference is small and we would focus on the broad trend we observe that potentially suggests that longer chain lengths induce a broader range of accessible NEMO conformational states.
Based on the most current NEMO structural model the poly-ubiquitin binding site is not located near the native Trp residue [23, 37] . That we observe a significant change in the REES effect for this Trp is consistent with the notion that poly-ubiquitin binding alters NEMO conformation or dynamics in an allosteric fashion. The trend for a decrease in REES with shorter poly-ubiquitin chain lengths and an increase at longer chain-lengths mirrors the binding of ANS that we have reported previously [23] . That is, we observe a decrease in ANS emission (suggesting burying of hydrophobic residues) at short chain lengths and an increase (suggesting exposure of hydrophobic residues) at longer chain lengths. Combined, these data suggest that shorter poly-ubiquitin chain lengths may drive compaction (burying of hydrophobics and a reduction in the equilibrium of conformational states) and longer chain lengths may drive expansion (exposure of hydrophobics and an increased equilibrium of conformational states) of NEMO. Our REES data further suggest that these changes are not large scale folding or unfolding events since the R0 values (Table 1) are essentially the same. Based on these data we hypothesise that the allosteric regulation of NEMO by poly-ubiquitin occurs by modulating the available equilibrium of conformational states, rather than gross structural change.
Mechanistic consequences for the NEMO-ubiquitin interaction.
There is a great deal of contemporary interest in the relationship between the equilibrium of native protein conformational states and how this equilibrium changes upon ligand binding [38] [39] [40] [41] . Based on insight from our current data, we suggest that NEMO predominately utilizes a conformational selection model of ligand binding and we show this as a schematic in Figure 9 . enhances the affinity of NEMO for IKK-β and IκBα and promotes liposome association [23] .
Based on our present data we would hypothesise that this allosteric effect is achieved by exposing new high affinity binding sites or additional binding determinants for these species.
A recent study by Bagnéris et al [37] have modeled the NEMO structure as a parallel coiled coil and have provided experimental evidence for this structural model from PELDOR (pulsed electron electron double resonance studies). We have previously found from far-UV CD studies that NEMO is composed primarily of α-helical (~50 %) and random coil (~40%) and our present data suggest that the NEMO structure occupies an equilibrium of conformational states. We suggest that these data can be resolved by a model where NEMO is in a dynamic equilibrium between well folded (coiled coil) and locally unfolded (random coil) states (the dotted connecting lines in Figure 9 ). This dynamic equilibrium can then be differently stabilized on ligand binding, with IκBα giving rise to an increased proportion of folded content and IKK-β/poly-ubiquitin giving more unstructured content. This model would then be consistent with the PELDOR data, our previous ANS binding studies and the present REES data.
Methods
Protein expression and purification. Full length human NEMO was expressed and purified essentially as described previously [23] . Purified protein was dialysed extensively into a buffer comprising 50 mM Tris-Cl pH 8.0, 50 mM NaCl and 5 mM DTT. All measurements were made in this buffer unless otherwise stated. IKK-β and IκBα peptides were commercially synthesised by Genscript, having a purity of > 98 % and are of the sequence TALDFSFLQTE and DDRHDSGLDSMKD, respectively. The IKK-β peptide was modified such that the two native
Trp residues were replaced with Phe residues. M1-linked poly-ubiquitin was purchased from Viva Bioscience. Staphylococcus aureus immune modulator protein fragment Sbi-III-IV K173A
was expressed and purified essentially as described previously [44] . Protein concentration used was between 1 and 5 μM. Peptide concentrations were 1 mM and poly-ubiquitin concentrations were 1 μM.
Red edge excitation and high-pressure measurements. All fluorescence measurements were performed using a Perkin Elmer LS50B Luminescence Spectrometer (Perkin Elmer, Waltham, MA, USA) connected to a circulating water bath for temperature regulation (± 1 °C). Samples were incubated for 5 minutes at the given conditions prior to recording measurements.
Measurements were performed at 10°C, unless otherwise stated. Excitation and emission slit widths were 5 nm except for pressure experiments where they were 10 nm. The larger slit width was required due to the optical setup of the pressure cell to ensure a low signal-to-noise for the W6 emission signal. For NEMO red edge excitation scans, tryptophan emission was monitored from 315 to 550 nm. The excitation wavelength was subsequently increased in 1nm steps for a total of 19 scans. For Sbi-III-IV, red edge excitation scans, tyrosine emission was monitored from 294 to 400 nm, with the excitation wavelength set at 274 nm. Similarly, the excitation wavelength was subsequently increased in 1nm steps for a total of 19 scans. The corresponding buffer or buffer and ligand control was subtracted from the spectra for each experimental condition. Specifically, we note that for the crowding experiment with Sbi, we subtract the emission from the Sbi so our signal is not convolved of Sbi Tyr emission in any way.
An ISS high-pressure cell (ISS, Champaign, UL, USA), fitted with a custom fiber optic mounting to the fluorimeter and connected to a circulating water bath for temperature regulation was used to record all high-pressure measurements. For NEMO high-pressure red edge excitation measurements, tryptophan emission was monitored between 325-450 nm.
The center of spectral mass (CSM) was calculated using the following equation:
Where fi is the measured fluorescence intensity and λem is the emission wavelength. We would stress the importance of using a consistent wavelength range when reporting CSM data, as the magnitude will be dependent on the wavelength range chosen. As such we report the CSM across Tables   Table 1. Results of fitting NEMO-ligand complex REES data to Eq 1 and Eq 2. 
